INTRODUCTION {#SEC1}
============

The life of a eukaryotic mRNA starts with transcription and processing in the nucleus, followed by nuclear export to the cytoplasm where it can act as a template for protein translation. It ends with degradation, mainly by one of two decay routes. Both pathways start with the removal of the mRNA\'s poly(A) tail by a deadenylase complex, with the catalytic subunits Ccr4 and Caf1. Next, the mRNA can either be degraded 3΄-5΄ by the cytoplasmic exosome or, alternatively, be decapped followed by 5΄-3΄ degradation by the exoribonuclease Xrn1. mRNA translation and decay appear to be inversely linked, with the process of translation acting as an mRNA stabilizer ([@B1],[@B2]), although there is also increasing evidence for co-translational degradation ([@B3],[@B4]). For each individual mRNA, the expression level is thus mainly determined by its synthesis and decay rate, which can be regulated on multiple levels. Gene expression is also regulated globally: external triggers, such as stresses or differentiation signals for example can cause global changes in transcriptional, translational or decay activities, either individually or in any combination. Specific genes necessary for stress response or differentiation may be excluded. For example, in *Trypanosoma brucei*, a pathogenic protist responsible for sleeping sickness (human African trypanosomiasis) and related cattle diseases, heat shock stress causes both a translational arrest and an increase in mRNA decay, with the exception of some mRNAs encoding heat shock proteins ([@B5]).

The study of mRNA metabolism is challenging. One reason is that the detection of mRNA decay or transcription intermediates is difficult, because both processes occupy only a small fraction of an mRNA\'s lifetime. In mammals for example, the average gene is transcribed in about 20 min ([@B6],[@B7]) but mRNAs have half-lives between 7 and 10 h ([@B8],[@B9]). There are less data available about the kinetics of mRNA decay, because decay rates are highly variable between individual mRNAs dependent on secondary structures ([@B10]--[@B14]). However, the time of mRNA decay is also much shorter than the mRNA\'s lifetime.

There are several methods available to specifically detect mRNA metabolism intermediates. For example, 5΄-3΄ decay intermediates can be biochemically enriched for by specifically selecting for uncapped (5΄ phosphorylated) mRNAs ([@B3],[@B15]). Another example is the fluorescent detection of transcription intermediates *in vivo* - binding sites for the MS2 phage coat protein (MS2) can be introduced into a reporter mRNA and elongation can be followed using a combination of photobleaching and photoactivation of fluorescent MS2 protein ([@B6]). However, none of the currently available methods allows the simultaneous detection of global changes in mRNA transcription and decay pathways in single cells or even subcellular level. Questions such us: 'Which mRNA pathways are affected in which way after an experimentally induced or naturally occurring interference with mRNA metabolism?' or 'Where does mRNA decay takes place?' remain difficult to address.

The aim of this work was to seek for a new, simple tool to monitor global changes in mRNA metabolism with cellular and subcellular resolution, based on the following reasoning: The time an mRNA spends in synthesis and decay increases proportionally with mRNA size and with decreasing mRNA half-life. Thus, very long, short-lived transcripts should be enriched for mRNA synthesis and decay intermediates and could be employed as native reporters for transcription and decay intermediates. If the extreme 5΄ end of such a reporter mRNA is labelled in red, and the far 3΄ end is labelled in green, this would result in various colour combinations representing different metabolic states when visualized using fluorescence microscopy. Yellow spots would represent complete mRNA molecules with both 5΄ and 3΄ ends intact; green spots would represent mRNA molecules with no 5΄ end -- in other words, 5΄-3΄ decay intermediates; red spots would represent mRNA molecules with no 3΄ end -- either 3΄-5΄ decay intermediates or mRNAs in transcription. Labelling can be done very efficiently by single molecule RNA fluorescence *in situ* hybridization (FISH) using the Affymetrix® system. Here, up to 20 pairs of adjacent antisense oligonucleotides hybridize to the target mRNA. This is followed by signal amplification using branched DNA technology ([@B16],[@B17]). In this way, single mRNA molecules can be detected using a standard fluorescence microscope with very low background staining.

The establishment of the assay was done in *Trypanosoma brucei*. The general characteristics of mRNA metabolism in trypanosomes are very similar to those in budding yeast: the median mRNA half-life is about 20 min ([@B18]), the average length of an open reading frame is about 1500 nucleotides ([@B19]) and with only two exceptions genes have no introns ([@B19]--[@B21]). The major cytoplasmic mRNA decay pathway is most likely 5΄-3΄ degradation by XRNA, the trypanosome orthologue to the 5΄-3΄ exoribonuclease Xrn1, with the exosome playing no or only a minor role ([@B22]--[@B24]).

Here, I show by dual colour single molecule mRNA FISH that a very long, short-lived trypanosome mRNA (Tb427.01.1740) is indeed highly enriched for mRNA metabolism intermediates. The average cell has 0.9, 2.1 and 1.3 yellow, green and red mRNA molecules, respectively, thus more than three quarters in synthesis or decay. The suitability of the system to report global changes in mRNA metabolism was tested by adding transcriptional and translational inhibitors and by RNAi depletion of XRNA. Finally, I show that the system is also applicable to mammalian cells.

MATERIALS AND METHODS {#SEC2}
=====================

Cells and plasmid {#SEC2-1}
-----------------

*Trypanosoma brucei* Lister 427 procyclic cells were used for most experiments. The XRNA RNAi experiment was done in Lister 427 pSPR2.1 cells ([@B25]) as previously described ([@B24]). Cells were cultured in SDM-79 ([@B26]) at 27°C and 5% CO~2~. Transgenic trypanosomes were generated using standard procedures ([@B27]). All experiments used logarithmically growing trypanosomes. NIH3T3 cells were grown at 37°C and 5% CO~2~ in DMEM (Invitrogen) supplemented with 10% FCS and 1% penicillin/streptomycin.

Affymetrix single mRNA FISH {#SEC2-2}
---------------------------

A total of 10 ml trypanosomes at ≈5 × 10^6^ cells/ml were harvested by centrifugation (5 min, 1400 g), resuspended in 1 ml SDM79 without serum and haemin and fixed by the addition of 1 ml 8% PFA (10 min, RT, orbital mixer). A total of 13 ml of PBS were added and cells were harvested by centrifugation (5 min, 1400 g). The cell pellet was resuspended in 1 ml PBS and spread on glass microscopy slides (previously incubated at 180°C for 2 h for RNAse removal) within circles of hydrophobic barriers (PAP pen, Sigma). The cells were allowed to settle (≈20 min, RT), and the slides were then washed once in PBS and used for Affymetrix FISH experiments, essentially as described in the manual of the QuantiGene® ViewRNA ISH Cell Assay (Affymetrix), protocol for glass slide format. The protease of the kit was usually diluted between 1:5000 and 1:10 000, although sometimes higher concentrations were necessary. I found that protease activity decreased with time stored at 4°C (within a few weeks) and increased with temperature (protease digest was therefore performed at 25°C rather than at a variable room temperature). In some experiments a self-made washing buffer (0.1xSSC (saline sodium citrate); 0.1% SDS) was used instead of the washing buffer from the kit. NIH3T3 cells were cultured on poly-L-lysine coated cover slips, fixed in freshly-made 4% formaldehyde solution for 30 min and processed following the standard protocol for 24 well plates. The protease was used 1:10 000. All Affymetrix probe sets used in this work are described in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Microscopy and image analysis {#SEC2-3}
-----------------------------

Z-stacks (100 slices, 100-nm step size) were recorded using a custom-built TILL Photonics iMIC microscope equipped with a 100x, 1.4 numerical aperture objective (Olympus, Tokyo, Japan) and a sensicam qe CCD camera (PCO, Kehlheim, Germany). Images were deconvolved using Huygens Essential software (SVI, Hilversum, The Netherlands). Unless otherwise stated, images are presented as Z-projections (summed slices) produced by and quantified with ImageJ. The numbers of red, green and yellow FISH spots were counted manually.

RESULTS {#SEC3}
=======

Detection of mRNA transcription and degradation intermediates by dual colour single molecule mRNA FISH {#SEC3-1}
------------------------------------------------------------------------------------------------------

The sequences of the four *T. brucei* genes with the longest open reading frames were examined for their suitability to report mRNA metabolism by dual colour single mRNA FISH; in particular, they were searched for the presence of unique sequence stretches at both ends that could be used for probe design.

The mRNA with the longest open reading frame (Tb427tmp.160.1200) encodes GB4, a protein that localizes to the posterior end of the cortical cytoskeleton ([@B28]). The open reading frame of *GB4* has a 2256 nucleotides-long unique sequence at its 5΄ end, followed by a 22 388 nucleotides-long sequence at the 3΄ end that consists of 37 repeats of 600 nucleotides each. The 3΄ and 5΄ untranslated regions (UTRs) are about 272 and 1250 nucleotides, respectively ([@B21],[@B29]). *GB4* has no unique sequence at the 3΄ end (the 3΄ UTR is too short for probe design) and is therefore not suitable to report 3΄-5΄ decay or transcription intermediates. *GB4* is, however, a very valuable tool to estimate the length extension of such very long mRNAs, because the repetitive sequence at the 3΄ end uniquely allows to probe the entire length of the mRNA molecule. In this work it was therefore used for control experiments.

The mRNA with the second-longest open reading frame (Tb427tmp.57.0008) has inconsistent genome annotations between different trypanosome strains and was therefore not considered. The third-longest mRNA, Tb427.01.1740, is a *T. brucei* gene encoding a hypothetical protein with a repetitive internal sequence, but unique sequences at both ends. Its open reading frame is 21 465 nucleotides long (Figure [1A](#F1){ref-type="fig"}). Its 5΄ and 3΄ UTRs are 288 and 444 nucleotides long, respectively ([@B29]). The fourth-longest mRNA, Tb427.04.310, encodes a putative ubiquitin-transferase, has an open reading frame of 19 841 nts and a non-repetitive, unique sequence throughout. The 3΄ and 5΄ UTRs are 499 and 187 nts, respectively ([@B29]). Both the third and the fourth longest mRNA are therefore candidates for an mRNA metabolism reporter.

![A long mRNA as a reporter for mRNA metabolism. (**A**) Schematic of the mRNA metabolism reporter mRNA Tb427.01.1740. The 5΄ and 3΄ untranslated regions (UTRs) (orange) and the open reading frame (purple) are shown above the probes used for the detection of the 5΄ end (5΄ probe, red) or 3΄ end (3΄ probe, green). All elements are shown to scale. (**B**) Sample Z-stack projection image of trypanosome cells probed with both the 5΄ and the 3΄ probes and stained with DAPI. A merged image of all three fluorescence channels is shown; one cell is shown enlarged in separate channels in the inset. In trypanosomes, DAPI stains both the nucleus (large blue oval) and the kinetoplast (small blue spot or line), the mitochondrial genome. (**C**) Quantification of the different mRNA states. The number of red, green and yellow spots in each cell was counted. The values shown are average values of 1058 trypanosome cells from six independent experiments. Standard deviations are indicated. (**D**) Histogram displaying the distribution of the differently-coloured spots between individual cells. Data used are the same as in panel C.](gkw1245fig1){#F1}

Affymetrix® single molecule mRNA FISH probe sets were designed antisense to the 1100 most 5΄ nucleotides (red fluorescence) and the 1100 most 3΄ nucleotides (green fluorescence) of Tb427.01.1740 and Tb427.04.310. Trypanosomes were fixed, probed simultaneously with both the 3΄ and the 5΄ probes and analysed microscopically. When probed for the Tb427.01.1740 mRNA, the average cell had 1.3 ± 0.9 red, 2.1 ± 1.7 green and 0.9 ± 0.8 yellow mRNA molecules (Figure [1B](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}). When probed for Tb427.04.310, there were 0.8 ± 0.9 red, 3.0 ± 1.8 green and 2.3 ± 1.2 yellow mRNA molecules per cell ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Thus, putative transcription and decay intermediates (red and green spots) were detectable for both mRNAs accounting for more than half of the total mRNA molecules. Moreover, both mRNAs had suitable expression levels, there were enough molecules to perform analyses, but not too many to prevent the detection of individual molecules. Both mRNAs appear equally suited to report mRNA metabolism and I will focus on Tb427.01.1740 for all trypanosome experiments described below.

Technical controls and the definition of a yellow spot {#SEC3-2}
------------------------------------------------------

One obvious concern was whether the observed single-coloured spots were true mRNA synthesis and degradation intermediates or technical artefacts. Theoretically, single-coloured spots could also arise from differences in accessibility to the target mRNA between the two differently coloured fluorophores. Such differences could be caused by innate properties of the fluorophores themselves. Alternatively, one end of the target mRNA could be less accessible to the rather bulky Affymetrix probes than the other end, perhaps because it is bound by more proteins and/or has a stronger secondary structure. Moreover, background labelling could also result in non-specific red and green spots. To address these points, two control experiments were performed. First, a red and a green probe were designed antisense to the same part of an average-sized mRNA molecule (Tb427.10.14550, open reading frame of 1980 nucleotides) (Figure [2A](#F2){ref-type="fig"}, further examples in [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Almost every spot was yellow, indicating that there is no major difference in access to mRNAs between probes labelled with red or green fluorescent dyes and that background fluorescence can be neglected under the FISH conditions used here. As a second control, a red and a green probe were designed to the adjacent 5΄ and 3΄ ends of this mRNA (Figure [2B](#F2){ref-type="fig"}, further examples in [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Again, the majority of the spots were yellow, indicating that, at least for this mRNA, there was no major difference in probe accessibility between the mRNAs 3΄ and 5΄ end. Moreover, the very small fraction of red and green spots confirms the assumption that a large mRNA size is essential for the detection of significant amounts of decay and transcription intermediates.

![Technical controls and the definition of a yellow spot. (**A**) Red and green fluorescence *in situ* hybridization (FISH) probes were designed to anneal to the same mRNA sequence of an average-sized mRNA (Tb427.10.14550). The signals from the two probes showed a strong overlap. One representative cell is shown; more cells are shown in [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}. (**B**) Red and green FISH probes were designed to anneal to adjacent mRNA sequences of the same, average-sized mRNA. The signals from the two probes again showed a strong overlap. One representative cell is shown; more cells are shown in [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}. (**C--E**) Trypanosome cells were simultaneously probed with the 5΄ probe (red) and the 3΄ probe (green) specific for the GB4 mRNA (Tb427tmp.160.1200) (details on top left of C). Together, these probes cover the entire 24 645 nucleotides of the *GB4* open reading frame: the 5΄ probe binds to the 2256 nucleotides at the 5΄ end and the 3΄ probe to the remaining 22 389 nucleotides. (**C**) One representative Z-stack projection image with merged fluorescence channels is shown. (**D**) The length of 100 yellow GB4 mRNA molecules was measured from Z-stack projection images. In total, 97% are less than 0.5 μm in length (D). (**E**) Example images of very extended GB4 mRNA molecules; the length is indicated on top and the blue line shows how the length measurement was performed (from the middle of the 'red circle' to the middle of the most distant 'green circle' at the end of the green string). These very long mRNA molecules are rare and never longer than 1.0 μm. (**F**) Trans-probing: dual colour mRNA FISH using probes antisense to two different mRNAs (details on top left). The percentage of red, green and yellow spots was quantified from 152 cells (top right). The average cell had 7.3 ± 2.8 mRNA molecules. A representative image is shown (bottom).](gkw1245fig2){#F2}

The enormous size of the Tb427.01.1740 reporter mRNA also raises the question of how to define a yellow spot. The maximal theoretical distance between a red and a green spot on the same mRNA molecule is 7.5 μm, if the mRNA would exist in its fully extended form. This is almost half the length of the trypanosome cell: red and green spots would be clearly separated over such a long distance and therefore impossible to recognize as belonging to the same mRNA molecule. However, mRNA molecules are unlikely to exist in such fully extended forms. To estimate the true extension of very long mRNA molecules, I took advantage of the, above-mentioned, unique features of the trypanosome mRNA with the longest open reading frame (Tb427tmp.160.1200, encoding GB4). The highly repetitive sequence at the 3΄ end of this mRNA allows to probe over the entire length of the mRNA\'s 3΄ end with one single green Affymetrix probe set. The short unique sequence at the 5΄ end of Tb427tmp.160.1200 was simultaneously probed with a red Affymetrix probe set. Elongated mRNA molecules are thus visible as green strings with a red spot at their 5΄ ends (Figure [2C](#F2){ref-type="fig"}--[E](#F2){ref-type="fig"}). The vast majority of Z-stack projected mRNA strings (97%, N = 100) was shorter than 0.5 μm (Figure [2D](#F2){ref-type="fig"}). Even the most extended molecules I found by analysing many images were shorter than 1 μm (Figure [2E](#F2){ref-type="fig"}). Thus, most red and green spots that are more than 0.5 μm apart are very unlikely to belong to the same mRNA molecule.

If 0.5 μm maximal distance between the centre of a red and a green spot is used to define a yellow spot, how many yellow spots are false positives, e.g. in fact two different mRNA molecules? To get an estimation, the number of red, green and yellow spots were quantified from 152 cells probed by dual colour FISH for two different mRNA molecules (trans-probing) (Figure [2F](#F2){ref-type="fig"}). The average cell had 7.3 ± 2.8 mRNA molecules, of these were 3.9 ± 1.6 red, 2.9 ± 1.9 green and 0.5 ± 0.6 yellow. Thus, by trans-probing, 7.1% of all spots were classified as yellow and are therefore false positives, in contrast to 23% of yellow spots that were detected for the Tb427.01.1740 reporter mRNA by the dual colour FISH (compare Figure [1C](#F1){ref-type="fig"}). These data suggest that about one third of all yellow spots could be false positives. However, this is an overestimation and the true fraction of false positives will be lower for two reasons. Firstly, the number of total mRNA molecules per cell for the probing in trans was 7.3 ± 2.8 -- almost double the number of total mRNA molecules found for the Tb427.01.1740 reporter mRNA (4.3 ± 3, compare Figure [1C](#F1){ref-type="fig"}). Therefore, a higher fraction of false positive spots is expected for the trans-probing, simply because individual red and green spots will be on average closer together. Secondly, the red and green spots of the Tb427.01.1740 reporter mRNA were on average closer together than for the trans-probed mRNAs: the majority of the yellow spots of the reporter mRNA Tb427.01.1740 (54%) were completely overlapping and only 12% were lying adjacent (\>0.4 μm apart) to each other. In contrast, for the mRNAs probed in trans, the majority of yellow spots (53%) were lying adjacent to each other (distance of \>0.4 μm) and only 16% were completely overlapping.

In all experiments in this work, I have defined yellow spots as red and green single spots that have their centres \<0.5 μm apart. The distance chosen in this definition is a compromise that tries to minimize both the number of red and green spots wrongly classified as yellow (false positive yellow spots), as well as the number of yellow spots wrongly classified as one red and one green spot (missed yellow spots).

Subcellular localisation and decay rates {#SEC3-3}
----------------------------------------

I next examined the subcellular distribution of the different-coloured mRNA spots of the reporter mRNA Tb427.01.1740 in more detail. The mRNA molecules were classified as nuclear, partially nuclear, cytoplasmic close to the nucleus or cytoplasmic distant from the nucleus, based on their relative intracellular localization to the DAPI-stained nucleus on Z-stack projections (Figure [3A](#F3){ref-type="fig"}).

![Subcellular localization and mRNA decay rates. (**A**) The red, green and yellow spots of 371 cells were classified according to their subcellular localization relative to the DAPI stained nucleus. For each colour, the fraction at each position is indicated in a pie diagram. (**B**) Cells were treated with actinomycin D (10 μg/ml) over a time-course of 60 min and probed with the 5΄ and 3΄ probes for Tb427.01.1740. Red, green and yellow spots were counted at the times indicated. Averages of the average values from three independent experiments are shown; in each experiment between 160 and 200 cells were analysed per time-point. Error bars represent the standard deviation between the three different experiments. (**C**) Z-stack projection image of a single representative cell probed with the 5΄ and 3΄ probes of Tb427.01.1740 after 0, 15 and 60 min actinomycin D treatment. More cells are shown in [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}.](gkw1245fig3){#F3}

A total of 83% (71 + 12) of the red spots (mRNAs with only the 5΄ end detectable) overlapped either completely or partially with the nucleus. A further 12% of the red spots were found close to the nucleus. Only 5% of red spots were in the cytoplasm and distant from the nucleus. Therefore, the 12% of red spots close to the nucleus account for more than two-thirds of all cytoplasmic red spots. This is much higher than expected from a random cytoplasmic distribution: only 13% of the green cytoplasmic spots were close to the nucleus. A large fraction of the red spots close to the nucleus may therefore not be true cytoplasmic mRNAs but mRNAs being transcribed as they are being exported from the nucleus (assuming the existence of simultaneous export and transcription). These data indicate that the majority of red spots are nuclear or nucleus-associated and must therefore be mRNAs in transcription or nuclear 3΄-5΄ exosomal decay.

Green spots, in contrast, were overwhelmingly localized to the cytoplasm (84%, 73+11) and are therefore likely 5΄-3΄ degradation intermediates. Only 16% (11+5) of the green spots partially or completely overlapped with the nucleus on a Z-stack projection. These could correspond either to nuclear 5΄-3΄ decay intermediates or to cytoplasmic 5΄-3΄ decay intermediates in top or bottom of the nucleus. Yellow spots were found in the nucleus or cytoplasm at approximately equal amounts.

To determine the decay rates of the different mRNA metabolites, cells were treated with actinomycin D, a transcriptional inhibitor that intercalates with DNA and stalls the RNA polymerase ([@B7]) (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Yellow spots decreased to 27% within 15 min, indicating that the mRNA has a half-life of less than 15 min -- shorter than the mean half-life of 20 min measured for trypanosome mRNAs ([@B18]). The number of green spots gradually decreased to 34% within 30 min and to almost 0 within 60 min. From these data, the total degradation time for the reporter mRNA can be roughly estimated to be about 60 min, which corresponds to a degradation speed of ∼6 nucleotides per second. Red spots, in contrast, first slightly increased in number and then only decreased very slowly, with 69% of the spots still left after 60 min of actinomycin D treatment. The minor increase in red spots is difficult to explain but consistent with the observation in trypanosomes that actinomycin D initially causes a delay in mRNA degradation or even a minor stabilization of some transcripts ([@B30]). The slow decrease in red spots suggests that the majority of red spots are mRNA molecules in transcription rather than 3΄-5΄ decay intermediates -- 3΄-5΄ decay would be expected to continue in the presence of actinomycin D and should cause a larger reduction in red spots. A block in transcription, however, would probably not allow 3΄-5΄ decay to happen for the transcripts stalled in transcription, because the RNA polymerase II would still be at the mRNA\'s 3΄ end. Within the short time-scale of the experiment, a block in transcription should therefore not cause a significant reduction in red spots.

In summary, the subcellular localization of mRNA spots in combination with transcriptional inhibition supports the interpretation that red spots are mainly transcription intermediates, and green spots are mainly 5΄-3΄ decay intermediates. This is consistent with the assumption that the cytoplasmic 5΄-3΄ decay pathway is the main mRNA degradation pathway in trypanosomes ([@B22]--[@B24]).

Detection of experimentally induced changes in mRNA decay {#SEC3-4}
---------------------------------------------------------

One major aim of the dual colour mRNA FISH system is the detection of global changes in mRNA metabolism. This was tested by adding inhibitors of translation with known effects on mRNA stability (Figure [4](#F4){ref-type="fig"}) and by inducible RNAi depletion of XRNA (Figure [5](#F5){ref-type="fig"}).

![Translational inhibition by cycloheximide and puromycin. Untreated cells or cells treated with cycloheximide (50 μg/ml) or puromycin (50 μg/ml) for 60 min were probed with the 5΄ and 3΄ probes for Tb427.01.1740. (**A**) Representative Z-stack projection images from each of the three conditions. (**B**) Red, green and yellow spots were counted. Averages of the average values from three independent experiments are shown; in each experiment between 127 and 200 cells were analysed for each treatment. Error bars represent the standard deviation between the three different experiments.](gkw1245fig4){#F4}

![Inducible RNAi depletion of XRNA. Tetracycline inducible RNAi depletion of XRNA was done as previously described ([@B24]). Cells induced for RNAi depletion of XRNA for 0, 24 or 48 h were probed with the 5΄ and 3΄ probes specific for Tb427.01.1740. Z-stack projections of representative cells are shown for each time-point; more cells are shown in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}. Red, green and yellow spots were counted. Averages of the average values of three independent clonal cell lines are shown; for each clone, between 100 and 200 cells were analysed for each time-point. Error bars represent the standard deviation between the three different clones.](gkw1245fig5){#F5}

Cycloheximide is an inhibitor of translation that acts by binding to the ribosomal exit site, thereby stalling ribosome translocation ([@B31],[@B32]). mRNAs become trapped in translation and, in general, this causes a decrease in mRNA degradation and consequently mRNA stabilization, because translation and mRNA degradation are inversely related ([@B1]). These effects of cycloheximide---mRNA stabilization and polysome increase---are conserved in trypanosomes ([@B5],[@B33],[@B34]). Addition of cycloheximide to trypanosomes for 60 min caused a 2.2-fold increase in yellow spots, almost entirely on expense of the green spots (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). This result is consistent with the expected stabilization of the mRNA (increase in yellow spots = increase in intact mRNA molecules) and the decrease in mRNA degradation (decrease in green spots = decrease in 5΄-3΄ degradation intermediates).

A second translation inhibitor is puromycin, a tRNA mimic that causes premature chain termination ([@B35]). In contrast to cycloheximide, it causes polysome decrease and does not stabilize mRNAs. Consistent with this, there was no significant change in the number of yellow spots (intact mRNA molecules), when cells were treated with puromycin for 1 h (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). There was also a 3.5-fold decrease in the number of green spots, likely because non-translated mRNAs outside polysomes become unstable. Neither translational inhibitor had any effect on the number of red spots; this is expected, as red spots are mainly transcription intermediates.

Most mRNA degradation in trypanosomes is carried out by the 5΄-3΄ exoribonuclease XRNA, the orthologue to yeast Xrn1 ([@B18],[@B36]). To inhibit mRNA degradation, tetracycline inducible RNAi depletion of XRNA was done as previously described ([@B24]). Both the levels of XRNA mRNA and cell growth is greatly reduced within 24 h of RNAi induction ([@B24]) and there is an increase in total mRNAs due to mRNA stabilization ([@B18],[@B36]) ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Imaging of the Tb427.01.1740 reporter mRNA by dual colour FISH showed a clear increase in the total number of spots per cell (Figure [5](#F5){ref-type="fig"}, further examples in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Quantification of the mRNA spots revealed that while the number of red spots remained essentially unchanged, there was a 1.9-/4.3-fold increase in green and a 2.5-/5.6-fold increase in yellow spots after 24/48 h of RNAi induction (Figure [5](#F5){ref-type="fig"}). The increase in yellow spots is consistent with the expected stabilization of mRNAs following XRNA depletion. Why is there an increase in green spots? If XRNA would be 100% processive (e.g. never leaving its mRNA substrate before it has been fully degraded), a reduction in XRNA molecules would only cause a reduction in decay initiation and thus an increase in intact mRNA molecules (yellow spots). Once started, decay would be as fast as in the absence of RNAi and therefore not cause an increase in 5΄-3΄ degradation intermediates (green spots). The easiest explanation for the increase in green spots is therefore to assume that XRNA is not 100% processive over the extreme length of this mRNA substrate. Any release of the enzyme from its substrate (even it this just happens in average once per mRNA substrate) would increase the number of green spots, because the time of decay-re-initiation is longer with a reduced number of XRNA molecules.

I have experimentally manipulated mRNA metabolism in three different ways. Each experiment changed the numbers of red, green and yellow spots in a significant and characteristic way, consistent or at least not contradictory to the expectations.

Application to mammalian cells {#SEC3-5}
------------------------------

To test the system in mammalian cells, I searched the data on mRNA stability and mRNA copy number of ([@B37]) for a suitable mammalian reporter. Midasin (Mdn1, NM_001081392) is with 17 959 nucleotides one of the longest mRNAs of NIH3T3 cells with a copy number of 8.32 molecules per cell and a half-life of 9.23 h. NIH3T3 cells were probed simultaneously with a probe antisense to the 1100 most 5΄ nucleotides (5΄ probe, red) and to the 1100 most 3΄ nucleotides (3΄ probe, green) of midasin mRNA (Figure [6A](#F6){ref-type="fig"}). On average, there were 2.3, 2.5 and 2.7 red, green and yellow spot in the cytoplasm of each cell, respectively (N = 73), suggesting that decay/transcription intermediates are visible in the mammalian system. Importantly, when cells were treated with cycloheximide, the average numbers of red, green and yellow spots changed to 3.0, 2.9 and 7.4, respectively (N = 88). Thus, as seen in trypanosomes, cycloheximide resulted in a significant increase in the ratio between intact mRNAs and 5΄-3΄ decay intermediates from 1.2 ± 1.3 to 2.6 ± 1.3 (unpaired, two-tailed *t*-test \< 7.5 × 10^−10^) (Figure [6B](#F6){ref-type="fig"}). The data show that the system is not restricted to trypanosomes but easily applicable to mammalian cells.

![Detection of mRNA decay intermediates in mammalian cells. NIH3T3 cells were treated with 5 μM cycloheximide for 60 min and simultaneously probed with probes specific to the 5΄ end (red) or 3΄ end (green) of midasin mRNA. The DNA was stained with DAPI. (**A**) Z-stack projection images of untreated cells and cells treated with cycloheximide. A merged image of all three fluorescence channels is shown; a section is shown enlarged in separate channels in the inset. (**B**) The number of green and yellow spots in the cytoplasm of each cell was quantified from Z-stack projections and the ratio (yellow/green) is blotted for each cell. The cytoplasm was defined as the cellular space outside the nucleus, ignoring spots that lay on top or below the nucleus. A cell was defined as having one nucleus; in dividing cells, or when individual cells could not be clearly distinguished, the spots were counted together and then divided through the number of nuclei. The data are presented as box plots (waist is median; box is interquartile range (IQR); whiskers are ±1.5 IQR; only the smallest and largest outliers are shown; *n* ≥ 73). These are representative data from one of two independent experiments.](gkw1245fig6){#F6}

DISCUSSION {#SEC4}
==========

To my knowledge, a system to monitor changes in mRNA decay and transcription on a cellular level is not yet available. Here, I have tested the suitability of a very long endogenous trypanosome mRNA as reporter for transcription and mRNA decay. The mRNA was labelled at its far 5΄ and 3΄ ends with two different colours and allowed the simultaneous detection of both transcription and decay intermediates by dual colour single molecule RNA FISH. The determination of the mRNA\'s subcellular localization (nuclear versus cytoplasmic) in combination with transcriptional inhibitors allowed transcription intermediates to be distinguished from 3΄-5΄ decay intermediates. The mRNA correctly reported the expected changes in mRNA decay when cells were challenged with different translational inhibitors or RNAi depletion of XRNA.

What kind of questions can be addressed? One important application is to test the function of an unknown protein. Is there a change in transcription and/or mRNA decay following any experimental manipulation with a protein? A combination of the FISH assay with RNAi, as shown here with XRNA as an example, is easy. Another application is to determine which mRNA decay pathways (5΄-3΄ versus 3΄-5΄) dominate in an organism of interest, under certain conditions or in a certain tissue. Are there variations in transcription / mRNA decay within a population of cells, within a tissue or between different tissues and are there changes in response to external triggers? Finally, one very important question in the mRNA decay field has been whether there are specific loci of mRNA decay. Cytoplasmic P-bodies for example are enriched in mRNA decay proteins ([@B38]). It still remains unclear however whether they actually function as decay centres ([@B3],[@B4],[@B39]). Affymetrix FISH can be easily combined with antibody staining ([@B40]--[@B42]). For example, the absence of hepatitis C virus mRNA from P-bodies was shown by combining Affymetrix FISH staining with P-body staining via an Xrn1 antibody in mammalian cells ([@B41]).

Where are the limitations of the method? With only one single reporter mRNA, the question arises as to how representative this mRNA is for reporting mRNA metabolism. Different types of mRNAs for example are degraded via different decay pathways. This problem can be partially overcome by using more than one reporter mRNA. More important is the inclusion of control experiments. The exact design of these will depend on what is known about mRNA decay and transcription in the respective organism/tissue, and on the exact question that the assay aims to address. For example, in an organism that is known to utilise both 5΄-3΄ and 3΄-5΄ cytoplasmic mRNA decay, the sensitivity of the reporter to both pathways could be tested by Xrn1 and exosome depletion, if the aim is to distinguish between the pathways.

Another problem is that 3΄-5΄ decay intermediates cannot be easily distinguished from transcription intermediates, as both will result in red mRNA molecules. One way to distinguish is to determine the subcellular localization of the red spots: cytoplasmic red spots are likely 3΄-5΄ decay intermediates, while nuclear ones can be either transcription intermediates or decay intermediates of the nuclear exosome. The later could be distinguished by selective depletion of components the nuclear exosome (if known) or, as done here, by testing the sensitivity to transcriptional inhibitor actinomycin D.

The method is also not suitable to determine global transcription and decay parameters. In this work, I have estimated the average 5΄-3΄ mRNA decay rate for the reporter Tb427.01.1740 to be about 6 nucleotides per second, based on the disappearance of the green spots after transcriptional inhibition by actinomycin D. In addition, the finding that there are less red than green spots allows the conclusion that transcription is faster than mRNA decay. However, RNA polymerase II elongation is not processive but appears to be a mixture of very high speed (4.3 kb/min) and very long pausing ([@B6]). Similarly, decay rates are highly dependent on the individual mRNAs; strong secondary structures for example decrease decay rates ([@B10]--[@B14]). Thus, the parameters determined with one single reporter mRNA are not representative for the organism.

The assay was established in trypanosomes, protists with mostly very short-lived mRNAs. How easily could it be transferred to other eukaryotes? The key is the identification of a suitable reporter mRNA. Such a reporter mRNA would ideally have (i) a very large size to increase the total time spent in transcription and degradation, (ii) a short half-life to increase mRNA turn-over time, (iii) a unique nucleotide sequence at both the 5΄ and 3΄ ends for probe design. Also important is a suitable steady-state expression level - if the expression level is too low, a statistical analysis will require too many cells; if the expression level is too high, mRNA spots may overlap and be difficult to count and to assign to the different colours. In trypanosomes, the finding of a reporter was simply done by looking at the four mRNAs with the longest open reading frames. Of these, one mRNA was excluded because genome annotation was inconsistent between different trypanosome strains, another (*GB4*) had no unique sequence at its 3΄ end and also a slightly too high expression level. The remaining two mRNAs instantly proved suitable reporters.

Yeast and many protists have mRNA half-lives in the same short range as trypanosomes: *S. cerevisiae* has mean mRNA half lives of between 11 and 32 min ([@B43]--[@B47]) and *Plasmodium falciparum* mRNAs have average half-lives of between 9.5 and 65 min depending on the life-cycle stage ([@B48]). The adaptation of the assay should therefore be straightforward. Transcripts of higher eukaryotes tend to be more stable: mammalian mRNAs have half-lives between 7 and 10 h ([@B8],[@B9]). However, with RNA sequencing technology advancing, global data on mRNA decay have/will become available for many organisms and can be explored to identify short-lived transcripts of large size. The fact that in most organisms the length of the transcript negatively correlates with its stability ([@B18],[@B43],[@B49]) increases the likelihood that a long mRNA will be short-lived. As a proof of principle, I have tested the system in mouse fibroblast cells. I had chosen a candidate for testing based on size and half-life using data of ([@B37]), and this mRNA instantly proved a suitable reporter. It actually had a half-life of 9.23 h, indicating that a short half-life of the reporter may be less important than transcript size and a suitable copy-number.

The novel assay presented here is easy to apply, as it requires nothing else but the identification of an endogenous short lived mRNA of large size. It can be performed rapidly, and does not need any special technology other than a standard fluorescence microscope. It is cheaper than global approaches that rely on RNA sequencing. It adds another tool to the kit that is currently available to study mRNA metabolism.
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